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Introduction
Pathological cardiac hypertrophy could unavoidably lead to the development of heart failure and increase cardiac morbidity and mortality [1, 2] . Mechanical stress has been thought as the most important stimulus for the development of cardiac hypertrophy [3] . The angiotensin II (AngII) type 1 receptor (AT 1 R), a member of the G protein coupled receptor (GPCR) superfamily, has been reported to be activated to induce cardiac hypertrophy under pressure overload [4] . Earlier findings stipulate that the increased autocrine release of AngII is responsible for stretch-induced hypertrophy of cardiomyocytes [5] . In contrast to these studies, we previously observed that mechanical stress could directly activate AT 1 R without the involvement of AngII [4] , which has been identified in the latter studies [6] , suggesting a specific role of AT 1 R as a mechanosensor essentially contributing to stretch-induced cardiac hypertrophy.
In the presence of AngII, AT 1 R undergoes a conformational change from inactive states to active states, as well as other GPCRs [7, 8] to induce cardiac hypertrophy [9, 10] and fibrosis [11] . Upon activation of the GPCR by agonist, the receptor experiences specific movements in the transmembrane (TM) helices exposing a binding site for a G-protein complex, resulting in the release of GTP and the activation of downstream signaling pathways [7, 12] . For AT 1 R, it couples to G protein Gq/11 and activates intracellular signaling [13] including Jak2 and ERK pathways to induce cardiac hypertrophy or other biological functions [4] .
The AngII binding pocket involves in TM3, TM5, TM6, and TM7 helices of AT 1 R, and it is crucial for receptor activation to bind AngII to Asn111 in TM3 and to His256 in TM6 [14] [15] [16] . In addition, Lys199 has been reported to be involved in the binding of the carboxy-terminus of AngII or the partial agonist [sar1-ile8] AngII by site-directed mutagenic analysis of the AT 1 R [16, 17] . It also is important for the tight binding of non-peptide antagonists which is usually used in clinic to maintain cardiovascular homeostasis in patients [18] .
However, few reports focus on how AT 1 R senses mechanical stress and translates it into biochemical intracellular signals to induce cardiomyocytes hypertrophy. Mechanical stress-induced-AT 1 R activation may be initiated by a conformational change of the receptor protein discernible from AngII-bound conformations. AT 1 R blockers (ARBs), highly selective in binding to the AT1-R, have been clinically used in the reduction of hypertension and the regression of cardiac hypertrophy [2] . Our previous study [19] and other studies [20, 21] indicate that the effects of ARBs differ in the suppression of AT 1 -R activation under pressure overload. To identify sensing sites of AT 1 R for mechanical stress may be helpful to understand the difference of ARBs.
Here, we construct different site-directed mutations of AT 1 and transfect them respectively into COS7 cells or ATG −/− cardiomyocytes to observe the activation of downstream signaling and identify functional sites of AT 1 R for activation by mechanical stretch.
Materials and Methods

Site-directed mutagenesis
The AT 1 R mutants were generated by PCR from the wild-type mouse AT 1 R (GenBank accession number S37484) plasmid (from Prof. Issei Komuro) with designed primers in which glutamine, phenylalanine, alanine, or alanine replaced Lys 199, Leu 212, Gln 257 or Cys 289, respectively. All outcome cDNA sequences were subsequently verified by dideoxy sequencing. All mutant receptors were subcloned into the expression vector pcDNA3.1. ), or Green fluorescent protein (Ad.GFP) were packaged and amplified in AD293 cells. Finally, the viruses were purified with adenovirus mini purification kit (Sartorius, Germany) and tittered with the Adeno-X rapid titer kit (Clonetech, USA). , or GFP plasmids using lipofectamine 2000™ transfection reagent (Invitrogen) according to the manufacturer's instructions. After deprived of serum for 24h, these cells were stretched mechanically to 120% for indicated time as previous study [4] .
Recombinant adenoviral constructs
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Western blotting
For western blot analysis, isolated proteins from COS7 cells and neonatal ATG −/− mouse cardiomyocytes were size-fractionated by SDS-PAGE and transferred to polyvinylidene difluoride membrane [23, 24] . And then the membranes were incubated with primary antibodies: p-ERK; ERK; p-Jak2; Jak2, G α q 11 (Cell signaling technology), AT 1 R (Santa Cruz Biotechnology). After three washes, the blot was incubated with horseradish peroxidase (HRP) conjugated goat secondary antibody immunoglobulin (Ig)G (1:5000, DINGGUO Biotechnology, Beijing) for AT 1 R and HRP conjugated rabbit secondary antibody IgG (1:5000, Kangchen Biotechnology, ShanghaI). GAPDH was used as the internal control which was detected by HRPconjugated monoclonal mouse GAPDH (1:10000, Kangchen Biotechnology, KC-5G5, Shanghai). The antigenantibody complexes were detected using an ECL Western-blotting Detection Reagents (Tiangeng Company, China) visualized densitometry with LAS-300 Image software (FUJIFILM, Japan).
Immunostaining COS7 cells or cardiomyocytes were fixed in 4% paraformaldhyde at room temperature for 15 minutes, and then permeabilized with 0.25% Triton X-100 [25] . After blocking in 2% BSA (Gibco) for 30min, cells were incubated with primary antibodies: anti-AT 1 (1:100 SantaCruz), or anti-rhodopsin (1:200, Cell Signaling) at 4°C overnight and then incubated with FITC-conjugated anti-rabbit secondary antibody (1:1000, Invitrogen) and Cy3 -conjugated anti-mouse secondary antibody (1:1000, Jackson Immuno Research). α-MHC positive area of cardiomyocytes was analyzed by immunostaining with anti-α-MHC (1:100, Abcam). Nuclei were stained with 4, 6-diamidino-2-phenylindole (DAPI, 1:5000, Sigma) for 5 min. The positive staining was observed under fluorescence microscope (Olympus, Japan).
Reverse transcription PCR and quantitative real-time PCR
Total RNA was isolated from cultured cardiomyocytes of neonatal ATG −/− mice using TRIzol® reagent (Invitrogen) according to the manufacturer's instructions. The amount of RNA was quantified by absorbance at 260 nm in triplicate measurements.
Quantitative Real-Time PCR was performed using the iCycler System (Bio-Rad) and Power SYBR Green PCR Master Mix (TaKaRa) as reagent. Atrial natriuretic peptide (ANP), Brain natriuretic peptide (BNP), and endogenous control Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were amplified using their specific primers (Table 1) . Relative levels of gene expression were normalized to the GAPDH gene by using the comparative Ct method according to the manufacturer's instructions.
Statistical analysis
All statistical analyses were performed using SPSS version 15.0 software. Values are expressed as mean ± SEM in the figures. The data were analyzed using one-way ANOVA. If significance was found, Newman-
Results
The native and mutated AT 1 , AT 1 R Q257A and AT 1 R C289A groups, compared to that of GFP groups after 48 h infection (Fig. 1A) . We then performed immunofluorescence staining with tag (Rhodopsin)-antibody to detect the subcellular localization of the AT 1 R in COS7 cells and ATG −/− -CMs transfected with wt-AT 1 R and mut-AT 1 R respectively. High levels of positive signals could be observed in plasma membrane and cytosol of COS7 or cardiomyocytes. There was no difference in subcellular expression of wt-AT 1 R and all the mut-AT 1 Rs (Fig.1B) .
Altogether these results indicate that the native and mutated AT -COS7 cells (Fig. 1C) . The similar results could be observed in ATG −/− -CMs overexpressing wt-AT 1 R or mut-AT 1 R with AngII stimulation (Fig. 1C) . We further observed that mechanical stretch increased p-ERK level about 2-fold in AT 1 R WT -COS7 cells. However, the effect was suppressed significantly in AT 1 R L212F -, AT 1 R Q257A -, and AT 1 R C289A -COS7 cells, but it was little affected in AT 1 R K199Q -COS7 cells (Fig. 1D) . The results were consistent with those in ATG −/− cardiomyocytes overexpressing wt-AT 1 R or different mut-AT 1 R stimulated by mechanical stretch (Fig. 1D) . The data indicated that Leu212, Gln257 and Cys289 are critical sites for AT 1 R activation in mechanical stretch to induce the phosphorylation of ERK. 
Leu212, Gln257 and Cys289 are critical sites for AT 1 R activation in mechanical-stretchinduced-redistribution of Gαq11
As a member of the GPCR family, the AT 1 receptor evokes intracellular signals including ERK pathway through G proteins [26] . Stimulation with either AngII or mechanical stretch activates Gαq11 by inducing the redistribution of Gαq11 subunits into the cytosol of cells expressing AT 1 R [4] . In the present study, stimulation with either AngII or mechanical stretch induced the increase of Gαq11 in the cytosol of AT 1 R WT--COS7 cells, suggesting that Gαq11 is activated by mechanical stretch as well as by AngII. The activation of Gαq11 induced -COS7 cells ( Fig.  2A) . However, Mechanical-stretch-induced-activation of Gαq11 was significantly inhibited in AT 1 R L212F -, AT 1 R Q257A -, and AT 1 R C289A -COS7 cells compared to that in AT 1 R WT -COS7 cells, but it was little affected in AT 1 R K199Q -COS7 cells (Fig. 2B) . Overexpressed wt-AT 1 R or mut-AT 1 Rs in ATG −/− CMs stimulated with mechanical stretch or AngII showed the similar results ( Fig.  2A, 2B) .
These results revealed Leu212, Gln257 and Cys289 are critical sites for AT 1 R activation by mechanical stretch to induce the redistribution of Gαq11. 
Leu212, Gln257 and Cys289 are critical sites for AT 1 R activation in mechanical-stretchinduced-phosphorylation of Jak2
Janus kinase (Jak) family may be important in signaling pathway induced by AT 1 R activation, and phosphorylation of Jak2 is crucially involved in the stretch-induced activation of ERKs independently of G-protein coupling [4] . Our study showed that either AngII or mechanical stretch could induce phosphorylation of Jak in AT 1 R WT -COS7 cells (Fig. 4A, 4B ) as reported in previous study [4] . Further research revealed that the activation of Jak stimulated with AngII was greatly inhibited in AT 1 R K199Q -COS7 cells, but slightly inhibited in AT 1 R Q257A -COS7 cells. The effect wasn't affected in AT 1 R L212F -or AT 1 R C289A -COS7 cells (Fig. 3A) . However, the inhibitory effect on the activation of Jak stimulated with mechanical stretch could be observed in AT 1 R L212F -, AT 1 R Q257A -, and AT 1 R C289A -COS7 cells but not in AT 1 R K199Q -COS7 cells (Fig. 3B) . The results were consistent with those in ATG −/− CMs overexpressing wt-AT 1 R or different mut-AT 1 Rs stimulated by AngII or mechanical stretch respectively (Fig. 3A, 3B ).
Our data indicated that Leu212, Gln257 and Cys289 are critical sites for AT 1 R activation in mechanical-stretch-induced-phosphorylation of Jak2.
Leu212, Gln257 and Cys289 are critical sites for AT 1 R activation in mechanical -stretchinduced-hypertrophic responses of ATG
−/− cardiomyocytes AngII or mechanical stretch activates AT 1 R to induce cardiomyocyte hypertrophy characterized by the upregulation of hypertrophic genes (ANP, BNP) and the increased cross-sectional area (CSA) of cardiomyocytes as previous study [10] . In the present study, AngII greatly upregulated ANP and BNP expressions, and increased CSA in ATG −/− CMs overexpressing wt-AT 1 R, but the effects were greatly inhibited in ATG −/− -CMs overexpressing AT 1 R K199Q and AT 1 R Q257A but not in ATG −/− -CMs overexpressing AT 1 R L212F and AT 1 R C289A (Fig. 4A,  4C) . However, the effects induced by mechanical stretch in wt-AT 1 R-overexpressed-ATG (Fig. 4B, 4C ). The present data showed that Leu212, Gln257 and Cys289 are critical sites for AT 1 R activation by mechanical stretch which induces hypertrophic responses in ATG −/− cardiomyocytes.
Discussion
The activation of AT 1 R, a seven transmembrane-spanning G-protein-coupled receptor, plays an important role in the development of pressure overload-induced cardiac hypertrophy. Local generation of AngII in heart tissue has been reported to activate AT 1 R and trigger cardiac hypertrophy by an autocrine or paracrine mechanism. However, our previously observed that mechanical stress can directly activate AT 1 R independently of AngII [4] . The present study showed that Leu212, Gln257 and Cys289 of AT 1 R are sensing sites of mechanical stretch and functional amino residues for activation to induce cardiomyocytes hypertrophy.
AT 1 R, a member of the GPCR family, evokes intracellular signals through G proteins [27] . AngII or mechanical stretch stimulation induces the redistribution of G α q 11 subunits into the cytosol of cells, which results in the activation of ERK. The AT 1 R also activates the ERK signaling independently of G-protein coupling through the association and activation of Jak2 [28] . Our data indicated that Leu212, Gln257 and Cys289 are critical sites for AT 1 R activation in mechanical-stretch-induced-redistribution of G α q 11 subunits and phosphorylation of Jak2. Similarly, mechanical stretch-induced-hypertrophic response in wt-AT 1 
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AngII binds to the AT 1 R and induces intracellular signaling accompanied by conformation changes in the TM3-TM6 [29] . TM3, TM5, TM6, and TM7 helices are important for the activation of AT 1 R. Lys 199 in TM5 has been reported to be involved in binding the C-terminal carboxylate group of AngII peptides [18] . The present data showed that K199Q mutation greatly inhibited AngII-induced-activation of AT 1 R as previous study [18] . Gln257 in TM6 has been reported to be critical for AT 1 R to bind to the carboxyl group of candesartan, one of ARBs [30] . Gln257 mutation also inhibited the activation of AT 1 R by Ang II, which suggests that it is important site for AngII-induced-activation of AT 1 R. However, L212F in TM5 or C289A in TM7 didn't affect AngII-induced-AT 1 R activation but they both suppressed mechanical stretch-induced-AT 1 R activation.
The interaction of TM2 and TM7 has been reported to be important for TM signal transduction in the AT 1 R [31] . Miura et al reported that native Cys residues in the AT .
1 R could be used as conformational sensors, and Cys289 mutation in TM7 displayed reduced sensitivity to methanethiosulfonyl-ethylaminoacetate (MTSEA) [32] . Mechanical stress induces anticlockwise rotation of TM7 and increases the accessibility of Cys 289 to activate intracellular signaling pathways independently of AngII [33] . It may explain mechanical stretch-induced-AT 1 R activation was partly inhibited in COS7 cells or ATG -/-cardiomyocytes overexpressing AT 1 R C289A in the present study. However, there are no studies involved Leu212 in mechanical stretch-induced-activation of AT 1 R. Our data indicated that Leu212 mutation suppressed mechanical stretch-induced-activation of AT 1 R although it didn't affect AngIIinduced-activation of AT 1 R. Leu212 localizes in TM5 of AT 1 R. Whether the mutant disturbs the interaction of TM5 and TM7 to inhibit the anticlockwise rotation of TM7 induced by mechanical stretch needs further study. The present data suggest an active conformation of the AT 1 R induced by mechanical stress might be substantially different from that induced by AngII. To explore the detailed mechanisms is helpful to understand the different inhibitory effect of ARBs on cardiac hypertrophy induced by pressure overload.
In conclusion, our present study indicated that Leu212, Gln257 and Cys289 are critical sites for AT 1 R activation by mechanical stretch without AngII but Lys199 and Gln257 play important role in AT 1 R activation with AngII. This study will be useful to better understand the molecular mechanisms about AT 1 R activation by mechanical stretch.
